High Resolution Transmission Electron Microscopy (HRTEM) reveals a polyhedral multi-shell fullerene-like structure of astralen carbon nanoparticles. The polyhedra consist of large flat graphitic faces connected by defective edge regions with presumably pentagon-like structure. The faces comprise a stacking of 20-50 planar graphene sheets with inter-sheet distance of ∼0.340 nm. Average sizes of the particles and their flat faces are ∼40 nm and ∼15 nm, respectively. Astralen particles are suggested to have defect-free sp 2 flat faces and all defects condense at their polyhedral edges. Multi-frequency Electron Paramagnetic Resonance (EPR) spectra of polycrystalline astralen samples reveal two main signals: a very broad signal with H pp > 1 T and an asymmetric relatively narrow signal that consists of two Lorentzian components in g = 2 00 region. The intensities of all X-band EPR signals show no changes on decreasing temperature down to T = 4 K. Magnetic susceptibility demonstrates strong temperature dependent orbital diamagnetism. All unusual magnetic features of astralen are attributed to prevalent itinerant spins.
The discovery 1 of buckminsterfullerene, C 60 , a new variety of carbon, has generated enormous interest in many areas of physics, chemistry and material science. Now, the term fullerenes is used for various all-carbon closed-cage molecules in which -conjugated carbon hexagon rings are condensed to form a closed surface with the participation of pentagon rings. Recently, much attention has turned towards novel fullerene-related materials, carbon nanocapsules or carbon onions that consist of concentric fullerene-like shells. Ugarte 2 observed that carbon soot particles and tubular graphitic structure are transformed into quasi-spherical carbon onions by intense electronbeam irradiation in a transmission electron microscope. The structure of spherical onions cannot be described in * Author to whom correspondence should be addressed.
terms of perfect fullerene-like shells made of pentagonal and hexagonal carbon rings only and requires introduction of a large number of defects, such as heptagonalpentagonal pairs. 3 As a result, -electrons in spherical onions are localized in very small domains of sp 2 graphitic sheets, and do not act as conduction electrons. 4 On the contrary, polyhedral onions have an ordered graphitic structure, presumably with defect-free sp 2 flat faces and a definite number of pentagon-like defects condense at the polyhedral cusps. 5 Accordingly, delocalized -electrons in polyhedral onions can act as conduction electrons. This effect should be enhanced as sizes of polyhedra increase. Nowadays, knowledge on the correlation between structure and electronic properties of individual carbon onions is very limited. To the best of our knowledge, such comprehensive studies were performed only for spherical and small polyhedral onions produced by high temperature (HT) vacuum annealing of nanodiamond particles. 4 6-8 For the present study we adopted large carbon particles, so-called astralens, obtained by thermal vaporization of graphite anode by arc discharge using special conditions of vaporization, extraction and subsequent treatment of cathodic deposit. 9 The polyhedral fullerene-like structure of astralen particles had been recently 10 confirmed and analyzed by High Resolution Transmission Electron Microscopy (HRTEM), X-ray Diffraction (XRD) and Raman spectroscopy studies. X-band Electron Paramagnetic Resonance (EPR) and NMR techniques 10 revealed unusual electronic and magnetic properties of astralen and demonstrated their qualitative difference from those of the carbon onions obtained from HT treated (HTT) nanodiamonds. 4 8 The present work extends understanding of the origin of magnetism in astralen system by means of multi-frequency EPR and magnetic susceptibility measurements.
HRTEM provides direct evidence that astralen particles have a polyhedral multi-shell structure with a hollow interior ( Fig. 1(a) ). The average diameter of astralen particles is ∼40 nm. The polyhedra consist of flat graphitic faces with average size of ∼15 nm connected by defective edge regions ( Fig. 1(b) ). The faces comprise a stacking of 20-50 planar graphene sheets with an inter-sheet distance of ∼0.340 nm. HRTEM also reveals that the astralen samples under study are quite pure and homogeneous ones: they contain predominantly the multi-shell nanoparticles but not other nanocarbon entities. Recent XRD and Raman data 10 confirm this conclusion. The amorphous graphite texture in the background of astralen particles' images in Figure 1 belong to the Cu/carbon grid.
Room temperature (RT, T = 300 K) X-band ( ∼ 9 4 GHz) EPR spectrum of astralen particles, recorded within the maximal scan width of 1 T, consists of two clearly distinguished components: 10 a very broad signal with the line width H pp > 1 T (Fig. 2(a) , black line) and an asymmetric narrow ( H pp of the order of several mT) signal centered close to g = 2 00 (Fig. 2(b) , olive line). The sharp low field (g ∼ 4 3) EPR line in these spectra (see Fig. 2(a) ) belongs to Fe 3+ ions originating from the glass of the capillary tube and is used as an external intensity reference. All spectral components (both broad and narrow ones) are found to be practically independent of the ambient pressure and show no observable changes when the sample was pumped out to the vacuum level better than 2 × 10 −5 mbar at both RT and T = 600 K. Here it is worth mentioning that careful analysis of power dependences of the g = 2 00 signals evidences that dioxygen somehow affects the signal (will be reported elsewhere). The solid lines in Figure 3 (upper spectra) show RT spectra of the g = 2 00 EPR signal at three microwave frequencies: S-band ( ∼ 3 5 GHz), black solid line in Figure 3 (a); X-band, magenta solid line in Figure 3 (b) and Q-band ( ∼ 34 GHz), green solid line in Figure 3 (c). These RT spectra may be successfully simulated as superposition of two Lorentzian components 11 12 (Figs. 3(a-c) , lower spectra) of different line widths, g-factors and intensities. Integral intensities ratios and g-factors (see linear plot of resonance fields H r in Fig. 4(a) ) for both components are found to be frequency independent: ratio of doubly integrated intensities (DIN) DIN 2 /DIN 1 ∼10-13, g 1 = 2 0034 ± 0 0002 for the narrow component and g 2 = 2 007±0 001 for the broad one. On the other hand the line widths are frequency dependent: H pp1 = 0 63 ± 0 05 mT, H pp2 = 2 6 ± 0 3 mT (S-band); H pp1 = 0 67 ± 0 05 mT, H pp2 = 3 6 ± 0 3 mT (X-band); and H pp1 = 0 86 ± 0 05 mT, H pp2 = 5 9 ± 0 3 mT (Q-band) (Fig. 4(b) ). Amounts of paramagnetic centers of different types were estimated at X-band 10 EPR signal recorded at different temperatures, = 9 466 GHz. Spectra were recorded at the same instrumental conditions.
particle we found that each particle contains (totally, in all graphene layers) ca. 40 localized spins and ca. 500 quasilocalized spins. X-band EPR measurements at variable temperatures 4K ≤ T ≤ 300 K were done on the sample sealed under vacuum. EPR signals associated with astralen demonstrate unusual temperature evolution. 10 Intensities of the broad and both g = 2 00 components, unlike EPR signals of the most paramagnetic species, do not obey the Curie law ( Fig. 2(a) ). Figure 2 (b) obviously demonstrates very weak changes of the astralen g = 2 00 EPR signals' intensity on decreasing temperature from RT down to T = 4 K whereas the EPR signal of paramagnetic Fe 3+ ions from the sample tube, being under the same conditions as the astralen sample, shows evident temperature dependence of its intensity-see corresponding low-field signals in Figure 2 (a). Figure 5 (a) represents temperature dependences of the intensities of two g = 2 00 components. These intensities were obtained by different methods: DIN by direct double numerical integration of the experimental spectra (narrow and broad Lorentzian components together), S by simple calculation using experimental data for the narrow Lorentzian component intensity and the line width as S = I pp × H pp 2 (where I pp is peak-topeak intensity of the narrow component) and by simulation of experimental g = 2 00 EPR line (narrow and broad Lorentzian components separately). Both line width and g-factor of the broad Lorentzian component slightly increase on temperature decrease and then jump-down at
The narrow component broadens for a few hundredths of mT and its g-factor insignificantly decreases from 2.0034 down to 2.0030.
Multi-frequency EPR data unambiguously justify the attribution of an asymmetric axial-like polycrystalline pattern at g = 2 00 to the superposition of two separate Lorentzian components that have been proposed for the description of X-band spectra. 10 Indeed, changes in spectral resolution of these lines from S-band to Q-band ( Fig. 3) perfectly agree with this model. Another interesting result of the multi-frequency data is the frequency dependence of the line widths of both Lorentzian components ( Fig. 4(b) ). The Lorentzian shapes of the g = 2 00 signals observed indicate the exchange interaction between spins of the same type. At higher frequencies exchange, being independent of quantum, is less effective in averaging of differences that causes frequency dependent linear line broadening-so called g-strain effect. 13 Thus multifrequency EPR data reveal variations of the microenvironment of each individual spin smoothed by exchange interactions. Here it is worth mentioning that strong nonresonant microwave absorption found for astralen sample does not contradict the Lorentzian line shapes observed for the g = 2 00 EPR lines. Assuredly just the Lorentzian, but not Dysonian line shape seems to be quite a natural one for de-aggregated conducting carbon nanoparticles with particle dimensions that are smaller than the skin depth at the highest microwave frequency used ∼34 GHz (which exceeds 300 nm even for metallic copper and gold). Except for the very broad signal with H pp > 1 T, relatively narrow g = 2 00 components revealed in our study have also been observed in X-band EPR spectra of various nanographites 14 15 and HTT nanodiamonds. 4 6-8 However, both temperature dependence of signals intensity (spectra are observed well above 100 K) and the lack of the microwave saturation for g = 2 00 lines 10 in conjunction with HRTEM, XRD and Raman data on samples' purity and homogeneity allow excluding direct analogies of EPR signals in astralen with the like signals in nanographites. The most adequate resemblance may be traced with EPR spectra of HTT nanodiamonds. Thus, narrow ( H pp ∼ 0 7-0.9 mT) Lorentzian lines with g = 2 0020-2.0022, which intensities obey the Curie law, have been found in quasi-spherical carbon onions obtained by "soft" thermal treatment. 4 8 Broad ( H pp ∼ 1-10.9 mT, depending on the oxygen pressure) Lorentzian lines with g = 2 0010-2.0014, which intensities show features characteristic of Pauli or mixed Pauli-Curie paramagnetism, have been found in small polyhedral particles obtained by more intensive thermal treatment. 6 8 These relatively broad EPR signals were attributed to non-bonding -electrons localized at the marginal regions of a nanographite sheet having a zig-zag shape. 9 In general, the g = 2 00 EPR signals in astralen (Figs. 2, 3 ) look like signals of the aforementioned types and belong to some defects in carbon network. However, there are several noteworthy differences found for the signals in astralen in comparison with those observed in carbon onions produced by HTT nanodiamonds: (a) low sensitivity of EPR signals in astralen to oxygen pressure; (b) temperature independent paramagnetism within the very broad temperature range; and (c) higher g-values. 10 The electronic properties of nanographite systems including their magnetic and conducting characteristics depend on sizes of defect-free domains in graphene sheets, L a . 8 In our astralen particles the size of these defect-free domains coincides with the size of flat graphene faces. On the other hand, the L a is comparable (and even exceeds) the known size for nano-graphite particles exhibiting an abrupt transition (in the range of 5-15 nm) to the bulk graphite properties. 16 The most unusual feature of the EPR properties observed in astralen is the wide temperature range, especially in the low-temperature region 4-50 K (Fig. 5(a) ). Following Osipov et al. 8 we speculate that the narrow and broad Lorentzian EPR components observed in astralen are associated with localized and quasi-localized spins, respectively, though the corresponding defects in astralens and the onions produced by HTT of nanodiamonds can be of different origin. Indeed, in astralen both the quasi-localized and the localized spins are associated with the corner-condensed defects and interact with numerous itinerant spins which belong to the same graphene layer of the astralen particle. Accordingly, unlike the case of small multi-layered particles produced by HTT of nanodiamonds, where the treatment conditions determine the observed features of paramagnetic behavior for the edge-state spins, both localized and quasi-localized spins (the g = 2 00 lines) show the same temperature independent paramagnetism down to 4 K. In our opinion, the unusual properties of the EPR active spins observed in astralen samples can be understood within the framework of the well-developed theory of electron resonance of localized electron spins in metals. 17 Following this theory the main factor determining all EPR features is the ratio of magnetic susceptibilities of conduction electrons s and localized paramagnetic centers d : r = d / s . In the cases of r 1 the conduction electrons' properties will predominate and EPR signals of localized paramagnetic centers will behave in the same manner as signals of conduction electrons spin resonance, i.e., their intensities will demonstrate the Pauli-type paramagnetism. When r > 1 the properties of EPR signal will be determined by properties of localized paramagnetic centers, that is the Curie-type paramagnetism. The similar, almost temperature independent, EPR signals have been observed in metallic (or semiconducting) multiwall carbon nanotubes (MWCNT) which EPR T has been interpreted in terms of a dominant, slightly temperature dependent Pauli contribution and a small Curie component. 18 In principle this interpretation well coincides with the aforementioned relations that are correct for metals. Thus, the assumption on the high value of ratio between the dynamic susceptibility of itinerant charge carriers (delocalized -electrons and/or defect driven holes) and total dynamic susceptibility of localized and quasi-localized spins in astralen system exhaustively explains the unusual temperature dependences of the EPR signals observed in astralen. Several experimental observations support this assumption. Although experimental data obtained do not allow direct estimation of charge carrier number or the Pauli susceptibility (by means of the Kotosonov approach 19 there are several indirect evidences for the attribution of astralen to a system with strong conducting properties. First of all, the intensive non-resonant microwave absorption observed (which leads to the Q-value reduction) is a characteristic for conducting graphite samples. favor is detection of the very broad ( H pp > 1 T) EPR signals that have been observed in both astralen and conducting graphite samples. The origin of this line is rather the effect of non-resonant microwave absorption due to magnetic field dependent magnetoresistance observed in heavily doped Ga-As semiconductors 20 than conduction electron spin resonance line, as it was earlier supposed in our preceding article. 10 Indeed, the latter hypothesis provides extremely high number of charge carriers that is hardly compatible with the total number of carbon atoms in astralen and declared perfection of its graphene layers. It is worth mentioning that in nanodiamond-originated multishell nanoparticles, where the ratio between the narrow signal (localized spins) and the broad one (quasi-localized -electrons) was found to be ca. 20, i.e., comparable with that found in astralen, both broad and narrow EPR signals demonstrate the Curie-type paramagnetism below 100 K. 6 This means that the quasi-localized -electrons only, even supposing they obeys the predominant Pauli-type behavior, which was found to be correct just above 100 K, 6 8 can not suppress the Curie-type behavior in a way observed in astralen. Our hypothesis on fulfilling the r 1 condition in astralen assumes the availability of strong exchange interaction between itinerant carriers and localized spins, responsible for the broad and narrow g = 2 00 EPR signals. It was shown 15 that this exchange interaction leads to the shift of the resonance field for localized spins due to the effective hyperfine field induced by conduction electrons. This effect may explain low-field shift of resonance fields (positive g-shifts mentioned above) of both EPR lines attributed to localized and quasi-localized spins in comparison with the same values found in carbon onions produced by HTT of nanodiamonds. 4 6-8 The latter samples demonstrate the mixed Curie-Pauli paramagnetism and evidently higher r values that reduces corresponding exchange g-shifts. The temperature-dependent 13 C NMR spin-lattice relaxation data in astralen supplies additional arguments in favor of the aforementioned hypothesis: the slope value in the T 1 T plot for astralen T 1n ∼ T −0 612 falls between the metallic behavior, T 1n ∼ T −1 (Korringa relation), and the semiconductor behavior, T 1n ∼ T −0 5 .
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Figure 6(a) represents temperature dependence of DC magnetic susceptibility T for the polycrystalline astralen sample (curve 1) in comparison with T obtained on the multishell polyhedral nanographite particles of 5-7 nm size and crystallite size of the graphene planes ∼3.5 nm-NG110 sample taken from Ref. [8] (curve 2). The measurements were carried out at H = 1 T. Within the entire temperature range, even at lowest temperatures, T of astralen has negative values exceeding, by modulus, 7 × 10 −6 emu/g that clearly evidences pronounced diamagnetic properties of this material. At T > 22 K the T -curve shows positive slope whereas at T < 22 K the slope is negative. The former is a characteristic feature for the temperature behavior of orbital diamagnetism orb in graphite-like materials Closed -Electron Network in Large Polyhedral Multi-Shell Carbon Nanoparticles magnetic susceptibility originating from localized magnetic moments (spins) of intrinsic paramagnetic defects or transition metal ions impurities. The observed value is the sum of the four terms T = cw + core + P + 1/3 × orb . Here core is temperature independent diamagnetic susceptibility of isolated carbon atoms (−0.5 × 10 −6 emu/g), P is the Pauli susceptibility which is roughly proportional to the density of states (DOS) and orb is in-plane orbital susceptibility of the graphite-like material in the field H normal to the graphene planes. The factor 1/3 is associated with the directional average for powdered samples. −1 within the temperature region below 20 K. The Weiss parameter was found to be = +0 59 K indicating the weak ferromagnetic exchange between uncoupled spins. The slope of this curve unambiguously provides us with the C value that allows independent (of EPR measurements) determination of the spin density in this graphite system that found to be N s = 6 77 × 10 18 spin/g. Following Ref. [8] these spins are related to S = 1/2 spins localized at the edges of the graphene layers i.e., with the intrinsic edge defects of the graphite matrix. It is worth mentioning that the concentration of the edge spins in astralen somewhat exceeds (or almost close to) the same parameter found 8 in NG110-see Figure 6 (b) (curve 2). Supposing 1/3 × orb P (that, in fact, does not work so well for the NG110 sample) one can easily determine in-plane orbital susceptibility orb ≈ 3 × T − cw − core ]-experimental data points are shown in Figure 6 (c) and may be satisfactorily fitted by the phenomenological equation proposed in late eighties by Kotosonov for the description of orb in nanostructured graphite materials of various origin (Fig. 1(c) , red solid curve):
19 orb emu/g = −1 3625 × 10
Here, E F is the Fermi energy, T is an additional temperature term to account for the nonthermal electron scattering by the boundaries and structural defects of the graphite nanoparticle, 0 3 eV is a 2D band parameter, k B is the Boltzmann constant. As a matter of fact, the phenomenological T parameter is determined by the "smearing" of the DOS spectrum of the material due to the relaxation of -carriers through scattering on the crystallite edges and intrinsic point-like defects. Indeed, crystallite edges (together with point-like defects inside the graphene planes) work as very effective scattering centers for conductive -carries. Smaller in-plane crystallite sizes correspond to larger T parameters.
In contrast with the approach of Ref. [8] , for the fitting of the experimental points by Eq. (1) we took into account the temperature dependence of Fermi energy E F T that appears in Eq. (1) as the fitting parameter. For the description of E F T we used the model of infinite 2D graphene sheet with linear behavior of the density of electronic states within -and * -bands in the wide (−0.5 eV ÷ +0 5 eV) vicinity of the point where both bands touch each other, i.e., at E ≈ E F ≈ 0 point. It is also supposed that the density of states within the graphene sheet bands is E [(eV × at.) −1 = 0 041 E , where E is in eV and the concentration of delocalized itinerant -carriers in sheets at T = 0 is determined as N [at.
Unlike aforementioned 5-7 nm nanoparticles where the number of carbon atoms per particle is ∼10 4 and the number of mobile carriers is quite small, reaching 6 even at the extremely large E F = 0 17 eV, for the astralen particle the corresponding numbers are 5 × 10 6 and 500-5000 (expected value based on the estimated values E F ∼ 20-30 meV) that allow disregarding the discrete origin of electric charge. The experimental data fitting by Eq. (1) (Fig. 6(c) ) provides us with the following parameters E F ≈ 13 meV and T = 338 K. These values evidence on quite high quality of graphene layers in astralen particles though in some MWCNT the graphene sheet quality seems to be even higher: T = 190 K 16 and T = 110 K. 21 The absolute value of in-plane orbital susceptibility of astralen is orb ≈ 21 × 10 −6 emu/g at T = 260 K. This value is close to the corresponding values found for graphite particles with sizes above 10 nm 14 and bulk graphite. At the same time for MWCNT the orb values at T = 260 K are found to be about 15% higher than in astralen. 18 Let us estimate the stability of the parameters E F and T found for astralen depending on the model in use: (1)
The first model has been analyzed above. Model 2 provides E F ≈ 18 5 meV, T = 307 K, p = 0 43 × 10 −6 emu/g; model 3-E F ≈ 21 meV and T = 306 K; model 4-E F ≈ 23 5 meV, T = 275 K, p = 0 33 × 10 −6 emu/g. One may conclude that the Pauli susceptibility in astralen can not exceed p = 0 43 × 10 −6 emu/g i.e., of the same order of magnitude as for 5-7 nm multishell polyhedral nanographites, and the confidence interval for the T -value lies within the 275 ÷ 338 K interval. The most sensitivity and dispersion demonstrates the E F -parameter: from 13 to 23.5 meV. The upper limit of 23.5 meV (∼270 K) well corresponds to typical E F -values in MWCNT where sources of extrinsic carriers are both acceptor type point-like defects in graphene layers and linear edge defects. 22 At the same time the estimation of (k B T /E F ratio for all models under consideration gives surprisingly conservative values 1.0 ÷ 2.2 whereas for other nanocarbon materials (nanotubes, nanographites) with linear edge defects this value is about 0.5.
Our recent HRTEM, XRD and Raman spectroscopy studies 10 revealed and confirmed a polyhedral multi-shell fullerene-like structure of astralen particles that consist of large flat sp 2 graphene faces connected by defective corner regions with presumably pentagon-like structure. The spacing of lattice fringes of 0.340 nm is larger than the (002) inter-plane distance in graphite (∼0.335 nm) but smaller than the corresponding value in polyhedral carbon onions from HT annealed nanodiamonds (0.345 nm 8 and 0.353 nm 6 . In addition to this structural data, multifrequency EPR and magnetic susceptibility measurements provide unique information on the electron structure and magnetic properties of this large closed -electron network. It is obvious that astralen takes its special place among the whole family of nanographite particles with crystallite sizes from 3 to 50 nm. Astralen combines two unique and, prima facie, hardly matching properties. On the one hand astralen, like nanographites with the crystallite size ∼3.5 nm, has the highest available concentration of the edge spin states (∼6.7 × 10 18 spin/g). On the other hand, as it should be for well developed defect-free graphite particles with crystallite sizes above 10 nm, astralen shows practically the highest value of inplane orbital susceptibility that corresponds to the value of bulk graphite orb (300 K) = −22 × 10 −6 emu/g. It may be supposed that -electrons in the astralen graphene layers should effectively propagate exchange interaction between edge spins that corresponds well with the lowfield g-shifts of the EPR lines originated from the edge localized defects.
In summary we report unusual electronic and magnetic properties of the astralen nanoparticles and discuss them in terms of the hypothesis that each astralen nanoparticle constitutes a closed network of delocalized -electrons. This feature, in turn, is attributed to the multi-shell polyhedral structure of astralen and in particular to the fact that the polyhedra consist of large (∼15 nm) defect-free sp
